Introduction {#Sec1}
============

Prostate cancer is the most common cancer in the USA, and it is estimated that there will be 191,930 newly diagnosed prostate cancer cases and 33,330 deaths due to prostate cancer in 2020 \[[@CR1]\]. Conventional therapies, such as radical prostatectomy, radiotherapy, and hormone therapy, are effective in the starting phase of prostate cancer; however, it will eventually progress to metastatic, drug- and castration-resistant prostate cancer \[[@CR2]\].

The cancer stem cell (CSC) hypothesis postulates that a small subpopulation of cancer cells drives tumor growth and metastasis and is more resistant to chemo-radiotherapy than differentiated daughter cells \[[@CR3]\]. Therefore, CSCs may survive due to their high resistance to drugs which leads to treatment failure \[[@CR4]\]. Prostate cancer stem-like cells (PCSCs) have been isolated from human prostate cancer biopsies and cell lines, and they are resistant to chemotherapy and self-renew in vitro \[[@CR5], [@CR6]\]. Although docetaxel (DOX) is frequently utilized as a first-line chemotherapy in metastatic and advanced prostate cancer, not all the patients respond to DOX, and in those that do, DOX resistance eventually develops \[[@CR7], [@CR8]\]. Thus, targeting PCSCs and enhancing DOX activity would provide a major benefit to patients.

The Notch pathway plays a key role in proliferation, stem cell maintenance, cell fate determination, and differentiation. Moreover, the Notch signaling pathway is vital to tumorigenicity of the CSCs \[[@CR9]\]. The inhibition of the Notch pathway may contribute to the therapeutic strategy to cure cancer by eliminating the CSCs \[[@CR10]\]. Domingo-Domenech and colleagues identified a subpopulation of prostate cancer cells that are resistant to DOX overexpress Notch and Hedgehog signaling pathways and possess tumor-initiating capacity, and the DOX-resistant cells could be depleted by targeting these pathways \[[@CR11]\].

Recently, Cui and colleagues have shown that inhibition of Notch signaling by γ-secretase inhibitor (GSI), PF-03084014, enhances the anti-tumor effect of DOX in prostate cancer \[[@CR12]\]. However, it is not completely clear that pharmacological targeting of the Notch pathway could impact DOX chemoresistance in prostate CSCs. We have isolated PCSCs from prostate cancer cell lines and proved that PCSCs have the characteristics of stem cells in our previous study \[[@CR6]\]. In this study, we sought to further investigate the efficacy of Notch signaling inhibition as an adjuvant to DOX in PCSCs using GSI (PF-03084014), which might have clinical benefits in targeting PCSCs.

Methods {#Sec2}
=======

Cell culture and reagents {#Sec3}
-------------------------

Human prostate cancer cell line PC-3 was obtained from the American Type Culture Collection (ATCC). The cells were cultured in RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco/Invitrogen, Australia) and 1% penicillin/streptomycin (Invitrogen) at 37 °C in a humidified incubator in the presence of 5% CO~2~. Docetaxel (DOX) injection and GSI (PF-03084014) were purchased from Sigma-Aldrich (cat. No 01885) and Selleckchem (cat. No S8018), respectively.

PCSCs {#Sec4}
-----

PCSCs have been enriched from the PC-3 cell line as previously described \[[@CR6]\]. PCSCs were cultured in EF20 medium composed of neurobasal medium (Invitrogen) supplemented with 3 mM [l]{.smallcaps}-glutamine (Mediatech), 20 ng/mL human EGF (R&D Systems), 20 ng/mL human FGF-2 (PeproTech), 1 × B27 supplement (Invitrogen), 0.5 × N2 supplement (Invitrogen), 2 mg/mL heparin (Sigma), and 0.5 × penicillin G-streptomycin sulfate-amphotericin B complex (Mediatech). For passaging, spheres were centrifuged, treated with Accutase (Innovative Cell Technologies) at 37 °C for 5 min, dissociated by pipetting, washed with PBS, and resuspended in EF20 medium \[[@CR13]\].

Quantitative real-time PCR {#Sec5}
--------------------------

Total RNA was extracted from PC-3 parental cells and PCSCs using TRIzol Plus RNA Purification Kit (Invitrogen) according to the manufacturer's protocol. Using RevertAid First Strand cDNA Synthesis Kit (Fermentas), mRNA was reverse-transcribed into cDNA. Quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR) was performed using the SYBR Green Master Mix (Fermentas). The primers were as follows: Notch-1 (forward 5′-CCTGTCTGAGGTCAATGAGT-3′; reverse 5′-GTAGCCACTGGTCATGTCTT-3′); Oct-4 (forward 5′-CGAAAGAGAAAGCGAACCAG-3′; reverse 5′-GCCGGTTACAGAACCACACT-3′); Nanog (forward 5′-AAGGTCCCGGTCAAGAAACAG-3′; reverse 5′-CTTCTGCGTCACACCATTGC-3′); GAPDH (forward 5′- AGAAGGCTGGGGCTCATTTG-3′; reverse 5′-AGGGGCCATCCACAGTCTTC-3′). In order to compare the relative expression of the mRNA in different samples, the comparative delta Ct (threshold cycle number) was calculated.

Cell susceptibility assay {#Sec6}
-------------------------

PC-3 parental cells and PCSCs were seeded into 96-well plates at 3000 cells/well for overnight. Cells were treated for 72 h with DOX (0.001, 0.01, 0.1, 1, 10, and 100 nM), or GSI (0.01, 0.03, 0.1, 0.3, 1, 3, 10, and 30 μM), or DOX (0.001, 0.01, 0.1, 1, 10, and 100 nM) and GSI (5 μM). 5-(3-Carboxymethoxyphenyl)-2-(4,5-dimethylthiazoly)-3-(4-sulfophenyl) tetrazolium, inner salt (MTS) assays (Promega) were performed according to the manufacturer's instructions, and dose-response curves were plotted (non-linear fit; GraphPad Prism).

Flow cytometric analysis {#Sec7}
------------------------

Flow cytometric analysis was used to detect the apoptosis (using FITC Annexin V Apoptosis Detection Kit, BD Pharmingen™) and cell cycle distribution (using Propidium Iodide Staining, Sigma) of PC-3 PCSCs treated with (1) vehicle (control, DMSO), (2) DOX (10 nM), (3) GSI (5 μM), and (4) DOX (10 nM) + GSI (5 μM) for 72 h. Flow cytometric analysis was performed using a Beckman Coulter FC 500 MCL/MPL counter fitted with a 488-nm laser.

Sphere formation assay {#Sec8}
----------------------

PC-3 PCSCs were dissociated and passed through a 100-μm filter to produce single-cell suspensions. One thousand cells were cultured in 100 μL EF20 media/well in 96-well plates and treated with (1) vehicle (control, DMSO), (2) DOX (10 nM), (3) GSI (5 μM), and (4) DOX (10 nM) + GSI (5 μM). Then, 14 days later, sphere (diameters ≥ 50 μm) size and numbers in each well were measured using microscopy. Sphere formation ratio (%) was calculated using the following formula: sphere formation ratio (%) = (numbers of wells with spheres) ÷ (total wells seeded with PCSCs) × 100.

In vivo studies {#Sec9}
---------------

Six- to 8-week-old male BALB/c nude mice were purchased from Hunan SLK Laboratory Animal Center (Hunan, China) and housed under standard conditions. After 1 week of adaptation, the animals were used for in vivo studies. All experimental protocols were approved by the Animal Care Committee of Wuhan University. PC-3 PCSCs (5 × 10^4^ in 100 μL) were injected subcutaneously into the flank of the mice. Tumor volume (*V*) was calculated following the formula: *V* (mm^3^) = *a*^2^ × *b* × 0.52, where *a* and *b* are the shortest and longest diameters, respectively. Tumor growth was measured using Vernier calipers. Three to 4 weeks after inoculation, when the tumor volumes were approximately 100--200 mm^3^, the mice were randomly assigned to different treatment groups (7 mice per group): (1) control (DMSO), (2) DOX (10 mg/kg, i.p., weekly for 4 weeks), (3) GSI (150 mg/kg, daily, p.o., 7-days-on/7-days-off schedule for 4 weeks based on a previous report \[[@CR14]\]), and (4) DOX + GSI (same dosage as above for 4 weeks). There was no significant difference in mean tumor volumes and body weight across all groups at the beginning of treatment. Tumor size and body weight were measured twice a week. At the end of treatment, tumor specimens were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-μm-thick slides. The expression of Notch-1 (1:150, Santa Cruz Biotechnology) was evaluated by immunofluorescent staining according to the manufacturer's instructions. Sections were examined for positive staining that was quantified as previously described \[[@CR13]\].

Statistical analysis {#Sec10}
--------------------

All experiments were repeated at least in triplicate. Collected data were analyzed using GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA), and results were displayed as mean ± SD. Comparison between two groups was analyzed with unpaired Student's *t* test (two tailed), and differences among more than two groups were determined by a one-way ANOVA followed by Newman-Keuls test. Difference with *p* \< 0.05 was considered statistically significant.

Results {#Sec11}
=======

Notch-1 receptor expression is increased in PC-3 PCSCs {#Sec12}
------------------------------------------------------

We cultured human PC-3 prostate cancer cells in growth factor defined (epidermal growth factor \[EGF\] and fibroblast growth factor \[FGF\]-2) serum-free medium for the enrichment of PCSCs and detected the stem cell markers including Notch-1, Oct-4, and Nanog in PCSCs and parental cells. After enrichment of PC-3 PCSCs, the expression of Notch-1, Oct-4, and Nanog mRNA were significantly increased in PCSCs, by 5.3-, 2.5-, and 8.3-fold, respectively, compared to parental cells (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Notch-1 receptor expression is increased in PC-3 PCSCs. **a** qRT-PCR analysis of Notch-1, Oct-4, and Nanog mRNA expression in PC-3 PCSCs and parental cells. **b** The mRNA levels of Notch-1, Oct-4, and Nanog in PC-3 PCSCs and parental cells. \*\**p* \< 0.01

GSI enhances the chemosensitivity of PC-3 PCSCs to DOX {#Sec13}
------------------------------------------------------

CSCs have been shown to exhibit resistance to chemotherapy \[[@CR3]\]. We examined whether PCSCs have a differential response to DOX compared with parental cells. PC-3 PCSCs were more chemoresistant than PC-3 parental cells (Fig. [2](#Fig2){ref-type="fig"}a). To determine whether GSI has different effects on the proliferation of PC-3 parental cells and PCSCs, we evaluated the viability of PC-3 parental cells and PCSCs treated with GSI. PC-3 PCSCs had similar sensitivity to GSI as parental cells (Fig. [2](#Fig2){ref-type="fig"}b). Then, we evaluated the effect of GSI on responsiveness to DOX in PC-3 PCSCs. The inhibition of cell proliferation by the combination of DOX and GSI was significantly higher than that observed in PC-3 PCSCs treated with DOX alone (Fig. [2](#Fig2){ref-type="fig"}c). Fig. 2GSI enhances the chemosensitivity of PC-3 PCSCs to DOX. Cell viability of PC-3 parental cells and PCSCs treated with DOX (**a**), GSI (**b**), or the combination of DOX with GSI (**c**) for 72 h. Data are shown as mean ± SD. \**p* \< 0.05, \*\**p* \< 0.01

GSI promotes apoptosis and cell cycle arrest induced by DOX in PC-3 PCSCs {#Sec14}
-------------------------------------------------------------------------

DOX is a taxane antimitotic agent used as the standard chemotherapy in metastatic and advanced prostate cancer. The impacts on apoptosis and cell cycle distribution of PC-3 PCSCs treated with the combination of DOX and GSI or each one alone were detected by flow cytometry. The results showed that the apoptosis rate was significantly increased in PC-3 PCSCs treated with the combination of DOX and GSI compared to single agent treatment (Fig. [3](#Fig3){ref-type="fig"}a, b). Furthermore, the combination of DOX and GSI led to a significant arrest in cell cycle progression, as the number of cells in the S and G2/M phases was markedly increased (Fig. [3](#Fig3){ref-type="fig"}c, d). Fig. 3GSI promotes apoptosis and cell cycle arrest induced by DOX in PC-3 PCSCs. **a** The apoptosis rate of PC-3 PCSCs treated with vehicle, DOX, GSI, or the combination of DOX and GSI was detected using flow cytometry. Flow charts: lower right quadrant, annexin V-positive and PI-negative cells indicate early apoptotic cells; upper right quadrant, annexin V- and PI-positive cells represent necrotic or late apoptotic cells. Both early and late apoptotic cells were calculated as the incidence of apoptotic cell death. **b** The statistical data of the apoptosis rates under different conditions for 72 h. **c** Cell cycle distribution of PC-3 PCSCs treated with the combination of DOX and GSI or each one alone was detected by flow cytometry. **d** The statistical data of cell cycle distribution under different conditions for 72 h. \*\**p* \< 0.01, NS no significant difference

Combination therapy inhibits the self-renewal potentiality of PC-3 PCSCs {#Sec15}
------------------------------------------------------------------------

CSCs have self-renewal capacity and are considered linked to elevated Notch pathway signal. PC-3 PCSCs were resistant to chemotherapy, and DOX treatment did not inhibit the sphere formation of PC-3 PCSCs (Fig. [4](#Fig4){ref-type="fig"}a, b). However, inhibition of the Notch pathway by GSI decreased the sphere formation, and the combination treatment with DOX and GSI induced a significant decrease in sphere formation of PC-3 PCSCs compared to GSI treatment alone (Fig. [4](#Fig4){ref-type="fig"}a, b). In addition, the combination therapy resulted in smaller sphere size than that in monotherapy groups (Fig. [4](#Fig4){ref-type="fig"}c). The sphere formation results suggested a synergistic effect of DOX and GSI in inhibiting self-renew of PC-3 PCSCs. Fig. 4Combination therapy inhibits the self-renewal potentiality of PC-3 PCSCs. **a** Morphology of spheres derived from different treatments of vehicle (control), DOX, GSI, or the combination of DOX with GSI in 1000 cells/well of PC-3 PCSCs (*n* = 60 wells). **b** The statistical data of sphere formation ratio in PC-3 PCSCs under different conditions. **c** The statistical data of sphere diameters in PC-3 PCSCs under different conditions. \**p* \< 0.05, \*\**p* \< 0.01, NS no significant difference. Scale bars, 100 μm

Combination of GSI with DOX reduces the tumor growth in vivo {#Sec16}
------------------------------------------------------------

We evaluated the efficacy of monotherapy and combination therapy in subcutaneous PC-3 PCSC-derived tumors. At the end of the 4-week treatment schedule, there was no significant difference in tumor volume between control and GSI treatment groups. However, the combination therapy of DOX with GSI had synergistic growth inhibitory effects when compared with DOX or GSI alone (Fig. [5](#Fig5){ref-type="fig"}a). There were no significant decreases in the mean body weights of mice treated with DOX, GSI, or combination therapy compared with the control group (Fig. [5](#Fig5){ref-type="fig"}b), which indicates no severe toxicity due to monotherapy or combination therapy. We next explored the expression of Notch-1 in the tumor tissues among these groups. The percentage of Notch-1-positive cells were 44.7%, 40.2%, 22.0%, and 11.5% respectively in control, DOX, GSI, and combination therapy groups. The results showed that combination of DOX with GSI significantly decreased the Notch-1 expression in the tumor tissues when compared with DOX or GSI alone (Fig. [6](#Fig6){ref-type="fig"}). Fig. 5The combination of GSI with DOX reduces PC-3 PCSC-derived tumor growth in vivo*.***a** Tumor volume of PC-3 PCSC xenografts in BALB/c nude mice treated with vehicle (control), DOX, GSI, or the combination of DOX with GSI. **b** Body weight over time of nude mice bearing PC-3 PCSC tumor xenografts for control and treatment groups. \**p* \< 0.05, \*\**p* \< 0.01, NS no significant differenceFig. 6The combination therapy decreases the Notch-1 expression in PC-3 PCSC-derived tumor tissues. **a** Immunofluorescent staining (× 200) of Notch-1 (red) and DAPI (blue) in PC-3 PCSC-derived tumor xenografts treated with vehicle (control), DOX, GSI, or the combination of DOX with GSI. **b** Quantitation of Notch-1 expression in PC-3 PCSC-derived tumor xenografts under different conditions. \**p* \< 0.05, \*\**p* \< 0.01, NS no significant difference

Discussion {#Sec17}
==========

Recently, emerging evidence suggests that PCSCs may play a pivotal role in the development and progression of prostate cancer \[[@CR15], [@CR16]\]. The Notch signaling pathway is vital to tumorigenicity of the CSCs, and thus receiving increased attention as a target to eliminate CSCs \[[@CR9], [@CR10]\]. Therefore, targeting PCSCs through inhibition of the Notch pathway could become a novel strategy for better treatment of patients diagnosed with prostate cancer. PCSCs have been isolated from the PC-3 cell line and demonstrate resistance to chemotherapy in our previous study \[[@CR6]\]. In the present study, we found that the expression of Notch-1 was increased in PC-3 PCSCs compared to parental cells. Furthermore, inhibition of the Notch pathway using GSI enhanced the anti-tumor effect of DOX in PC-3 PCSCs. Thus, targeting PCSCs and enhancing DOX activity would provide a major benefit to patients with advanced prostate cancer.

The Notch signaling pathway controls cell fate decisions during development, including differentiation, proliferation, stem cell maintenance, and self-renewal of various cell types \[[@CR17]\]. Moreover, increasing evidence has shown that the Notch pathway critically regulates the self-renewal and survival of CSCs in breast cancer, embryonal brain tumors, and gliomas \[[@CR18]\]. In terms of prostate cancer, Oktem and colleagues identified CD133^high^/CD44^high^ DU145 prostate CSCs and found that Jagged1, Delta-like 3, and Notch-1 were respectively upregulated genes in the Notch signaling pathway appearing to be due to malignancy and tumor progression \[[@CR19]\]. Furthermore, Liu and colleagues revealed that the protein level of activated form of Notch-1 was significantly higher in PCSCs isolated from LNCaP and PC-3 cell lines, and inhibition of Notch-1 with shRNA could improve chemosensitivity in PCSCs \[[@CR20]\]. We have proved that PCSCs are resistant to DOX in our previous study \[[@CR6]\]. In the present study, we also found the expression of Notch-1 mRNA was significantly increased in PC-3 PCSCs compared to parental cells, and inhibition of the Notch pathway by GSI can enhance the chemosensitivity of PCSCs to DOX. These findings suggest that the Notch pathway may play a key role in the tumorigenicity and chemoresistant of PCSCs. Therefore, targeting Notch signaling pathway as a therapeutic strategy for treating cancer has attracted increasing interest.

γ-Secretase is a key mediator of Notch signaling \[[@CR21]\]. The γ-secretase enzyme activity that helps in the proteolytic cleavage of the receptors results in the release of the Notch intracellular domain and is therefore a central player in the Notch signaling pathway \[[@CR10]\]. Thus, GSI is a promising target for Notch inhibition. PF-03084014 is a selective reversible, non-competitive GSI that inhibits the Notch pathway through blocking proteolytic activation of Notch receptors in various types of cancer \[[@CR14], [@CR22]--[@CR24]\]. Recently, a few studies have found that inhibition of Notch signaling using PF-03084014 sensitized DOX-resistant prostate cancer cells to DOX \[[@CR12], [@CR25]\]. However, it is not completely clear that pharmacological targeting of the Notch pathway by PF-03084014 could impact DOX chemoresistance in prostate CSCs. In this study, we revealed that PF-03084014 enhanced the chemosensitivity of PC-3 PCSCs to DOX, promoted apoptosis and cell cycle arrest induced by DOX, and inhibited the self-renewal potentiality of PC-3 PCSCs in vitro. In addition, combination therapy of GSI with DOX reduced the PC-3 PCSC-derived tumor growth in vivo, which was associated with the decreased Notch-1 expression in tumor tissues.

DOX is an antimitotic chemotherapy drug that interferes with cell division and is widely used for the treatment of multiple types of cancer. However, recent studies have suggested CSCs as a main player for chemoresistance against a variety of drugs including DOX \[[@CR26]\]. In our study, PF-03084014 enhanced the chemosensitivity and promoted apoptosis of PC-3 PCSCs to DOX due to the suppression of PCSCs by the inhibition of Notch pathway. Alessio and colleagues found that multilineage-differentiating stress enduring (Muse) cells were resistant to chemical and physical genotoxic stresses better than non-Muse cells, and the level of senescence and apoptosis was lower, which is related to their quick and efficient sensing of DNA damage and activation of DNA repair systems \[[@CR27]\]. However, it is unclear whether CSCs will be prone to apoptosis or senescence after chemical and physical genotoxic stresses, so it needs further investigation. In prostate cancer cells, DOX caused phosphorylation and hence inactivation of CDC2 kinase resulting in G2/M arrest \[[@CR28]\], whereas targeting the Notch pathway induced cell cycle arrest at S phase \[[@CR29]\]. The combination of DOX and GSI induced S and G2/M arrest in PC-3 PCSCs, suggesting that a combination of the two agents may complement each other to result in enhanced arrest.

CSCs have self-renewal capacity and are considered linked to elevated Notch pathway signal \[[@CR18]\]. The sphere formation assay is a classic method for the analysis of their self-renewal ability \[[@CR3]\]. PC-3 PCSCs were resistant to chemotherapy, and DOX treatment did not inhibit the sphere formation of PC-3 PCSCs. However, the combination of DOX with GSI decreased the sphere formation and resulted in smaller sphere size in PC-3 PCSCs compared with monotherapy. The sphere formation results suggested a synergistic effect of DOX and GSI in inhibiting self-renew of PC-3 PCSCs.

The well-known toxicities of GSI are associated with the gastrointestinal tract leading to severe adverse diarrhea \[[@CR10]\]. The intermittent dosing of PF-03084014 reduced gastrointestinal toxicity \[[@CR14]\]. Thereby, we used the intermittent dosage regimen of PF-03084014 in the animal study, and there were no significant decreases in the mean body weights of mice treated with DOX, GSI, or combination therapy compared with the control group, which indicates no severe toxicity due to monotherapy or combination therapy. Thus, DOX combined with GSI was not only effective but safe and well tolerated.

However, it should be recognized that tissue-specific stem cell therapy for prostate cancer is still in its infant stage and much more studies and optimizations are required to execute its full power in clinical treatment of prostate cancer patients \[[@CR15]\]. Therefore, the specific mechanism of combination therapy of DOX with GSI on PCSCs needs further investigation, and this combination therapy should be evaluated in clinical trials for the therapy of advanced prostate cancer.

Conclusions {#Sec18}
===========

In conclusion, the results presented in this study show that the Notch signaling pathway was upregulated in PC-3 PCSCs. This finding further enabled us to uncover the synergistic effect of a combination of DOX with GSI on PCSCs. We demonstrated that inhibition of the Notch pathway by GSI enhances the anti-tumor effect of DOX in PCSCs, suggesting that Notch inhibition may have clinical benefits in targeting PCSCs. The synergy with GSI suggests that this combination warrants clinical evaluation.
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